Abstract. A three-dimensional Monte Carlo transfer model for polarized radiation is developed and used to study three-dimensional (3-D) effects of raining clouds on the microwave brightness temperature. The backward method is combined with the forward method to treat polarization correctly within the cloud. In comparison with horizontally homogeneous clouds, two effects are observed: First, brightness temperatures from clouds are reduced in the 3-D case due to net leakage of radiation from the sidewalls of the cloud. Second, radiation which is emitted by the warm cloud and then reflected from the water surface increases the brightness temperatures of the cloud-free areas in the vicinity of the cloud. Both effects compete with each other, leading to either lower or higher overall brightness temperatures, depending on the geometry of the cloud, the satellite viewing angle, the coverage, and the position of the cloud within the field of view (FOV) of the satellite. At 37 GHz, for example, up to 10 K differences can occur for a cloud of 50% coverage. Finite homogeneous raining clouds matching the size of the FOV of the satellite show a similar relationship between rain rates and brightness temperatures (TB) as horizontally infinite clouds. Namely, an increase of TB with increasing rain rates at low rain rates, due to emission effects, is followed by a decrease due to temperature and scattering effects. 
Introduction
Three-dimensional (3-D) radiative transfer effects of clouds are important for estimating precipitation from radiometric observations from satellites and airplanes. The effects depend on the size and the microphysics of the cloud. Owing to these effects, quantitative rain rate determination with microwave radiometry is hampered by the ambiguities of the signal caused by the highly variable vertical profiles of the hydrometeors. This problem has been accounted for in part by using the results of three-dimensional cloud models as a database to restrict the infinite variety of hydrometeor profiles to a small number of realistic ones [Adler et al., 1991] . The radiative transfer calculations, however, have been made with onedimensional transfer codes. Several authors have studied the differences between 3-D and 1-D radiative transfer models. By using a "two orthogonal polarization scheme" to estimate rain rates over water, as described by Spencer [1986] , Kummerow and Weinman [1988] demonstrated that the horizontally homogeneous cloud models tend to underestimate rain rates at 50 ø viewing angle. They have also shown that calculated brightness temperatures at 50 ø viewing angle for moderate to heavy In the following sections we discuss different approaches in modeling radiative transfer for three-dimensional geometries. In contrast to other similar approaches, our model is able to treat polarization-dependent scattering within clouds correctly. Special attention is paid in section 2 to the effect the model volume size has on the results. In section 3 we test the model by comparing the results with other models. In section 4, results are shown and discussed for homogeneous box-type clouds and 3-D geometries and profiles taken from a dynamic cloud model.
Methodology
Various radiative transfer models for horizontally and vertically inhomogeneous atmospheres (3-D models) have been developed. The microwave model of Weinman and Davies [1978] for vertically homogeneous problems is based on the eigenvalue method with the first moment of the phase function. Kummerow and Weinman [1988] Generally, there are two alternative procedures for the application of the Monte Carlo method: one is the backward method and the other is the forward method. In the forward method the thermal sources within the atmosphere-earth system are simulated by emitting photons from small cells in all directions. Normally, only very few of the emitted photons reach the region of interest (e.g., the radiometer); therefore this method requires a large amount of photons. Thus the method is very time consuming, and its uncertainty is about 2 K for nonpolarized brightness temperatures [Weinman and Davies, 1978] . The backward method retraces the photons from the receiver (e.g., satellite radiometer) to their source, where they have been emitted. This method is very time efficient, because only those photons are considered which actually reach the receiver. The backward method has also been applied to the microwave spectral region by Roberti and Kumroerow [1995] .
We combine backward and forward methods. The backward method is used to determine those photons which contribute to the signal at the radiometer. Then the forward method is used only for these photons to determine their contribution and polarization state at the radiometer. This combination is almost as fast as a pure backward method but treats the polarization within clouds correctly. For our MCM four random numbers R i are required, which represent the stochastic processes of the photons (for our method we should rather say energy particles), and they are generated by the computer. The first random number is R•= 1-exp -/3(x,y,z) ds
where/3 is the volume extinction coefficient, ds is differential distance, and the integral limit s is the distance the photon will travel until it encounters an extinction event.
Whether the photon is scattered or absorbed during an extinction event is determined by the second random number The rain cloud is 1 x 1 km horizontal size with a height of 5 km. The environment is cloud-free with otherwise the same properties as in the cloud. The rain rate is 5 mm h-• 
Results
In order to understand and quantify the effects that the three-dimensional structure of a raining cloud has on the transfer of microwave radiation, we applied our backward-forward method to two different types of cloud models. A box-type cloud model was analyzed to explain the physics of the observed effects. A three-dimensional dynamic cloud model was applied to create more realistic cloud structures, which enable us to quantify the effects expected from real clouds.
Box-Type Cloud Model
It was stated above, that the microwave radiances leaving the cloud top depend on the ratio between the area of the cloud sidewalls and its surface area. This effect is investigated with the box-type cloud model in more detail. We define a box-type cloud model as a finite cloud with horizontally and vertically homogeneous precipitation distribution. The box-type clouds are always 5 km thick, and the cloud-free environment has the same temperature and water vapor structure as the cloud. In the first study the brightness temperatures (TB), averaged over the cloud-top area, are calculated for a nadir-looking radiometer for different cloud sizes and varying rain rates. (Figures 8b and 8c) . We attribute the known from an independent measurement, the linear decomposition into a rain and a nonrain column is not sufficient. This would take into account the so-called beam-filling effect, but the 3-D effects, which depend on the distribution of the rain cells in the field of view, will prevail. The 3-D effects also influence the polarization difference, which is an important variable in many rain retrieval algorithms. For quantitive rain retrieval it will be necessary to parameterize the 3-D effects from the spatial distribution of rain cells in the field of view. To derive these parametrizations, much more must be known about the structure of precipitation on the small spatial scale. A combination of high-resolution remote sensing of precipitation structures from airplanes or from the surface should be combined with cloud models, into which these measurements can be assimilated. These data are an adequate data basis for 3-D radiative transfer modeling to work out parameterizations for 3-D effects in future rain retrieval algorithms. However, there are also two good messages from our study: First, to a large extent the 3-D effects of radiative transfer can be accounted for by much less time-consuming modified 1-D modeling. Second, at least over the oceans, there is a tendency that radiation temperature depressions over cloud tops, due to net leakage of radiation into the surrounding cloud-free environment, is partially compensating for the increased radiation temperatures due to cloud sidewalls and their reflection from the water surface. For the cloud, simulated from the dynamic cloud model, the difference between the spatially averaged radiation temperatures from 1-D and 3-D modeling is only 1 to 3 K. This is much smaller than obtained for the box-type cloud. However, additional cases simulated with spatial resolutions typical for precipitation clouds, the resolution in our example was only 1 x 1 km, have to be analyzed to arrive at a firm conclusion.
